Austenitic HR3C and ferritic-martensitic P92 steels are the materials of interest from a mechanical standpoint for the manufacturing of thermal exchangers of the next generation of steam power plants. In order to evaluate their capacity to transfer heat, thermal conductivity calculations have been conducted through the measurements of thermal diffusivity, specific heat capacity and density. It will be shown that the heat capacity, density, thermal expansion coefficient and thermal diffusivity evolve continuously with temperature in the HR3C material but not in the P92 steel. The heterogeneous thermal behaviour appears to be associated with its ferromagnetic transition rather than to the microstructural evolution. Nevertheless, the results for both steels did not exhibit significant differences between thermal conductivities at the intended temperature of service.
Introduction
An increase in efficiency and a reduction in greenhouse gas emissions in power generation can be achieved through advanced ultra-supercritical (A-USC) steam turbines operating at up to 760°C and 340 bars [1] . From a mechanical standpoint, two different steels have already been selected for their high creep strength at the temperature of interest. Ferritic-martensitic P92 was chosen for applications at up to 650°C and austenitic HR3C for higher temperatures [2] . As these steels are considered for heat exchangers, a good knowledge of their thermophysical properties appears as critical. However, while there are few data in the literature on the thermophysical properties of HR3C [3] , those on P92 are scarce and do not cover the temperature of interest for heat exchangers [4] . A recent study showed that microstructural changes generated by different coating processes on P92 and HR3C steels could cause remarkable modifications of the thermal properties, especially for P92 steel which structure is prone to metallurgical transformations with temperature [5] . Thus, the determination of thermophysical properties of both steels (especially thermal conductivity) is crucial for heat exchange applications.
The thermal conductivity of the metallic materials at high temperature can be obtained through the measurement of thermal diffusivity by the laser flash technique [6] . Then, the thermal conductivity λ can be calculated following equation (1):
where α is the thermal diffusivity measured by the laser flash technique, ρ is the bulk density of the sample and Cp is the specific heat capacity [7] . In this study, calculations of the thermal conductivity have been performed using the values of Cp and ρ that have been calculated through Differential Scanning Calorimetry (DSC) for the specific heat capacity and Archimede's method combined with linear dilatometry for the density. The thermophysical data are thus reported for both steels and compared with available data. The specific heat capacity of both steels was measured in a Differential Scanning Calorimeter (DSC Labsys Evo TGA SETARAM) using a 3D Cp Pt detector and by comparing to a sapphire standard. A continuous measurement mode was employed by heating at 10°C/min from room temperature to 1000°C. All the measurements were performed in flowing Ar and the Cp data retrieved at each temperature after at least 1500 s of stabilization at the temperature of interest. The density at room temperature was measured using the Archimede's method and its evolution with temperature was calculated using the results of ΔL/L0 measured via linear push-rod dilatometry by heating at 5°C/min in air. The same measurements performed under Ar revealed no difference with the results obtained under air, proving that the impact of the oxidation of the samples during analyses was negligible. Then, thermal diffusivity of the materials was measured using the laser flash method [7] with a Linseis LFA 1600 apparatus. The thermal diffusivity measurements of the samples were conducted under vacuum from room temperature to 1000°C. For a reasonable accuracy of the measurements, three samples were simultaneously analyzed, and the thermal diffusivity was calculated from the average of the three values. The thickness of the samples was measured with a digital caliper 10 -3 mm accurate. The surfaces were all sprayed with graphite for better absorption and release of the heat flux of the laser (Nd:YAG).
Processing and materials
The potential evolution of the microstructures with temperature vs. the as-received materials was investigated by optical microscopy (LEICA MC 170 HD) on metallographically prepared surfaces. The samples were ground with increasing grade of SiC and finally polished with diamond paste (1 µm). Then, chemical (Kalling no. 2: 100 mL ethanol, 100 mL HCl and 5 g of CuCl2) attacks were performed for a few seconds in both steels. Additional electrolytic etching of HR3C with10 vol% H2C2O4 was also performed on the previously Kalling attacked surfaces.
Results and discussion
The evolution of the specific heat capacity of both steels with temperature is presented on Fig. 1 and compared with data from the literature [8, 9] . It can be observed that Cp of P92 increases steadily with temperature till about 700°C ( Fig. 1-a) . Then, two spikes appear. The values are similar to those of the 9Cr-1Mo martensitic steel till 550°C. However, the two peaks are slightly shifted with respect such study [9] . The first peak corresponds to the transition from ferromagnetic to paramagnetic at Curie's temperature. For steels of the same kind, this magnetic transition has already been observed by DSC around 745°C [8, 10, 11] . The second peak can be related to the transformation from α-phases (ferrite and martensite) to austenite (γ).
Therefore, the potential evolution of the microstructure of P92 was investigated. Fig. 2 shows the P92 substrate before and after the Laser-Flash measurement till 900°C. It is observed that the martensite phase rate (dark grey) and the ferrite phase (light grey) slightly decreased and that austenite grains (uncolored) were formed. Although a precise quantification of these phases could not be performed by image analyses with our tools, it clearly appears phase transformations occurred during the measurements. This can be related to partial austenitization [12] and dissolution of carbides typical of this steel at high temperatures [13] . Due to these transformations it is difficult to correctly define the heat capacity of ferritic-martensitic steels above 700°C by using this DSC technique. Thus, considering these variations, the conductivity values calculated beyond this point must be considered carefully. [8, 9] . For HR3C steel, the trend of the Cp evolution with temperature ( Fig. 1-b ) is similar to that of the other stainless steels. The sharp increase observed at low temperature is generally attributed to an issue related to temperature stability of the DSC signal during the early stages of the measurement but this does not affect the values of Cp above 100°C [11] . Like with P92, the microstructures of H3RC were evaluated in the as-received and after the Laser-Flash measurement till 900°C (Fig. 3) . The as-received material displays a very dissimilar grain size and many deformation twins in addition to a few dark spots related to NbC and to the onset of pitting from the metallographic attack. In contrast, annealing in the laser flash apparatus till 900°C resulted in annealing of the deformation twins, homogenization of the shape and size of the grains, the appearance of thermal twins and coarsening of carbides upon cooling [13] . Some spots related to the attack can also be observed. Fig. 4 shows the evolution of the density of P92 and HR3C steels with temperature till 1000°C. As expected, the density decreases steadily with temperature in both steels till 800°C. In the particular case of P92, a small change can be observed after the loss of its paramagnetic properties that results in a slight increase of its density. This change may also be associated with phase transformations related to the evolution of the ferrite α-phase into the austenitic γ-phase above 840°C for P92 [8, 12] .
The values of the CTE of P92 and HR3C calculated from the evolution of density room temperature till 1000°C are gathered in Table 1 . The CTE values of P92 steel were compared with those of a P91 steel [4] as no values for P92 could be found in the literature. Both P91 and P92 are ferritic-martensitic steels but their minor differences in composition and microstructure are observed to result in a very different thermal expansion behavior. In contrast, the experimental values of CTE with temperature are very close to those provided by the manufacturer [3] till 800°C. The increase of CTE at higher temperatures can be related to the dissolution of carbides [ [13] ]. Table 1 . Calculated coefficients of thermal expansion (CTE) for P92 and HR3C as a function of the temperature. Fig. 5 shows the thermal diffusivity values of P92 and HR3C steels as a function of the temperature. The HR3C austenitic steel presents a continuous increase of the thermal diffusivity with temperature. This result is in accordance with the fact that the heat conductivity of metals mainly depends on the electronic contribution of thermal conductivity, which is also proportional to the product of temperature and electrical conductivity. As temperature rises, the electron mobility increases, leading to greater heat transport rates. However, the P92 steel shows an interesting heat transport behavior with temperature. The thermal diffusivity decreases from room temperature to 700°C and then suddenly increases above 700°C. This behavior could not be linked to phase transformation as the microstructure of the steel was not significantly modified by the high-temperature measurement (see Fig. 2 ). It rather appears to be likely related to the transition from ferromagnetic to paramagnetic property occurring at the Curie's temperature of the steel. It is believed that under the magnetic field, the electrons are not free to transfer heat through the metals and that the heat transport is mainly controlled by phonon conduction, which agrees with a decreasing tendency. Once the magnetic properties are lost, the electronic contribution of thermal conductivity becomes predominant again, thus explaining the rise in thermal diffusivity. Such thermal behavior of ferro-martensitic steel has already been reported in a previous study [5] . Using the measured values of thermal diffusivity, density and specific heat as a function of temperature, thermal conductivity calculations have been performed and are presented in Fig. 6 . In agreement with the data provided [3] , ** reference of CTE for P91 given by manufacturer [4] by the manufacturer of HR3C, the thermal conductivity for HR3C steel continuously increases with temperature [3] . In contrast, the thermal conductivity of P92 steel at room temperature is lower than the ones provided for P92 at 200°C and 400°C and for a similar ferritic-martensitic P91 steel [4] . This demonstrates the sensitivity of thermal conductivity to the chemical composition and metallurgical state of this metal substrate [8, 14] . Between 25°C and 700°C, the thermal conductivity of P92 appears relatively constant before it increases. This clearly indicates that the decrease in thermal diffusivity in the same temperature range is balanced by the increase of density and Cp.
Although the values of thermal conductivity of P92 above 700°C may be uncertain, they are well above the values of HR3C, for which the thermal diffusivity, density and Cp follow the same trend with temperature. 
Conclusion
In this study, the thermal conductivities of the ferritic-martensitic P92 steel and of the austenitic HR3C steel were calculated as a function of temperature using the measured values of thermal diffusivity, density and specific heat. The results indicated that the evolution of the thermal properties with the temperature were fundamentally different for these two steels due to their chemical compositions and structures. While the values of thermal diffusivity, density and heat capacity of HR3C linearly increase with temperature, the properties of P92 exhibited major changes around the temperature of its ferromagnetic transition around 700°C. Despite these clear differences in thermal behavior, both P92 and HR3C steels present similar thermal conductivities on the range of temperature of interest for application in steam turbines. 
